Introduction
In 2004, paragangliomas (PGL) were considered to be mostly sporadic tumors, with the exception of a few cases (~10%) associated with familial/genetic syndromes. During the past decade, germline mutations in more than 19 hereditary susceptibility genes resulting in PGL development have been identified [1] . More than 10 genes are associated with head and neck paragangliomas [2] . PGL now has the highest hereditary predisposition of any tumor (~40% of cases), surpassing medullary thyroid carcinoma [3] . These findings have resulted in the identification of new familial syndromes and recognition of new syndromically associated tumors. Concurrently, the pathologist's role in patient management has expanded from pure histologic diagnosis and must adapt to the new genetic landscape. Evolving knowledge of PGL specific to the head and neck region has paralleled the broader investigation of PGLs occurring in other parts of the body.
Genetics
In 2004, at the time of the last World Health Organization (WHO) edition for Head and Neck Tumors, only a small subset of PGL were recognized to be genetically associated with three distinct chromosomal loci identified through familial genetic linkage and which the susceptibility genes were only partially delineated. Since that time, five syndromes with susceptibility genes have been defined and their associations with PGL in the head and neck region are being elucidated (Table 1 ) [1] . Other susceptibility genes for PGL and pheochromocytoma were also known including VHL, RET (MEN2), and NF1, though these mutations have a relatively low association 1 3 with PGL development in the head and neck (HN) region [1] and are identified in both sporadic and hereditary PGLs [3, 4] . Through both germline and somatic tumor testing of individuals with PGL, the prevalence of germline susceptibility genes altered in HNPGL is now ~30 to 40%, involving predominantly genes encoding subunits of succinate dehydrogenase ("SDHx" genes) [3, 5] . In addition to SDHx, VHL, NF1 and RET, genes including MAX [6] , TMEM127 [7] fumarate hydratase [8] and HIF2A [9] have now been associated with HNPGL in rare cases. The clinical implications of hereditary disease have led the Endocrine Society to recommend referring all patients diagnosed with PGL for clinical genetic testing regardless of site of origin or lack of familial events [10] .
PGL harboring SDHx and VHL mutations comprise a cluster characterized by pseudohypoxic signaling pathways, with stabilization of the hypoxia-inducible transcription factors HIF1A and HIF2A (EPAS1) and increased expression of their downstream targets including VEGF, GLUT1, and glycolytic enzymes. These characteristics enable normal cells to survive and grow in low-oxygen environments [1] . A second susceptibility gene cluster with a greater predilection for pheochromocytomas and sympathoadrenal paragangliomas involves RET, RAS/MAPK/PI3K /mTOR pathways [3] . The two major clusters can be further divided according to phenotypes associated with individual genes [9, 11] . Although some sporadic PGL or pheochromocytomas harbor somatic rather than germline mutations of hereditary susceptibility genes, germline mutations of these genes are much more common. Somatic mutations of SDHx genes are extremely rare [3] .
Succinate Dehydrogenase (SDHx) Genes
Interestingly, most of the susceptibility genes for HNPGL are related to the Krebs cycle [1] . Collectively the most prevalent are SDHx genes [12] . SDHD mutations represent ~80% of mutations associated with HNPGLs, followed by SDHB at ~20% and the remainder SDHC. The succinate dehydrogenase enzyme is made up of four separately encoded subunits designated SDHA, SDHB, SDHC, and SDHD plus flavination/assembly factor SDHAF2. Succinate dehydrogenase is a mitochondrial enzyme that serves as the link between the Krebs cycle and the electron transport chain, where electrons produced in the process of converting succinate to fumarate are used to produce ATP by oxidative phosphorylation. In the absence of functional SDH, ATP is produced by the far less efficient process of glycolysis. This mechanism, known as aerobic glycolysis or the Warburg effect, is utilized variably in combinations with oxidative phosphorylation in many tumors, but is a hallmark of tumors lacking SDH or VHL. The tradeoff for decreased energy production is utilization of glycolytic pathway intermediates to generate carbon skeletons needed for synthesis of nucleotides, proteins and other macromolecules involved in cell proliferation and tumor growth [13] . SDHx mutations are almost exclusively hereditary to date making it an ideal screening target to identify patients and families that would benefit from further genetic evaluation and counseling.
While all of the mutations of hereditary susceptibility genes are considered autosomal dominant, SDHD and SDHAF2 mutations usually require transmission via the paternal carrier in order for disease to be manifested. Familial susceptibility to PGLs caused by these genes can be passed on by either parent, but the tumors will only develop if the mutation is inherited from the father. The mechanism is not fully understood but apparently differs from maternal imprinting of other genes [14] . This phenomenon poses challenges in identifying germline patients through family history alone as generations may be skipped when transmission is maternal. An additional unusual relationship of SDH to PGL is Carney Triad, consisting of PGL, SDH-deficient GIST and pulmonary chondroma. The triad is not hereditary. While some cases are caused by epigenetic silencing of SDHC, the causative defect is unknown in most patients [15] . Despite the absence of hereditary transmission to date, occasional patients harbor germline sequence variants in SDHA, SDHB or SDHC [16] .
New Syndromic Associations
In addition to PGLs, tumors now associated with germline SDHx mutations include GISTs, renal cell carcinomas and pituitary adenomas. The combination of GIST and paraganglioma, known as Carney-Stratakis dyad or Carney-Stratakis syndrome, is not a specific genetic disorder and can be seen in patients with mutations of SDHB, SDHC or SDHD, as well as in Carney triad. SDH-deficient GISTs typically arise in the stomach in young patients, have an epithelioid morphology, are often multifocal and frequently show plexiform involvement of the gastric wall [17] . SDH-deficient renal cell carcinomas arise in patients with a median age of 40 and often have a characteristic histologic appearance consisting of monomorphic polygonal eosinophilic cells with flocculent, bubbly and vacuolated cytoplasm, cysts and entrapped tubules [18, 19] . In contrast, SDH-deficient pituitary adenomas may not show distinctive morphology [20] . Clinicians should be alert to the possibility of these syndromic tumors occurring in patients with paragangliomas. Conversely, because any of the tumors can arise earlier than paragangliomas, they can be the first clue to the presence of paraganglioma syndromes. Immunohistochemistry for SDHB can help to identify SDH-deficient tumors and should be considered when these types of tumors have unusual features or present in patients or families with unusual histories.
Immunohistochemical Evaluation
While the current medical recommendation is for all patients with PGL to have available clinical genetic counseling, local resources may be limited. Immunohistochemical evaluation of SDHB is a tool pathologists can use to screen paragangliomas for possible mutations in SDHx genes. SDHB expression is evaluated by looking for granular cytoplasmic staining in the paraganglioma cells. Loss of expression is an abnormal finding seen in the majority of PGLs with syndromically associated tumors from patients with SDHx germline mutations [21] [22] [23] and in Carney triad. Absent expression is only meaningful and can only be reported if there is staining of normal tissue (i.e. endothelial cells and inflammatory cells) identified within the tissue as an internal control (Fig. 1c) . Loss of SDHB does not specifically signify which SDHx gene is altered. SDHB immunohistochemical evaluation is a surrogate marker for alterations/mutations in any of the SDHx family of genes. As SDHB is part of a protein complex with SDHA, SDHC and SDHD, mutation of any of these genes lead to conformational protein change of SDHB and secondary loss of detection by immunohistochemistry [21] . Thus careful wording of SDHB expression patterns in PGL and their potential significance is needed. Example reporting could include: "Immunohistochemical evaluation for SDHB expression is lost in the PGL cells with positive internal control identified. This immunohistochemical study is a general screening process and is not specific for mutations in the SDHB gene but is seen when any of the SDHx family of genes is altered (SDHA, B, C, or D). As the vast majority of SDHx mutations are familial in PGL, further genetic evaluation is advised".
A caveat is that caution is required when examining tumors for SDHB expression after embolization when inflammatory cells are numerous, as they will show positive SDHB staining. Thus, recognizing negative PGL cells admixed with the reactive inflammation is needed for correct interpretation (Fig. 1d) . While there is now an antibody for SDHA for which loss of expression is specific for SDHA gene alterations; SDHA has only rarely been associated with HNPGLs [24] . Thus its added value in HNPGL is limited at this time.
Clinical Significance of Different Germline Mutations
Specific SDHx mutations have different implications, both for the behavior of individual tumors and systemically [25] . These innate risk factors allow for improved counseling and monitoring of patients and families. SDHD, the most frequently mutated gene in HNPGLs, is often associated with multifocal tumors located predominantly in the head and neck (up to 60% multifocality), with lower but significant probability of pheochromocytomas and thoracoabdominal sympathoadrenal paragangliomas. The opposite is true for SDHB, which is more often associated with thoracoabdominal tumors and somewhat less with multifocality. Although all mutated SDHx genes carry a risk for metastasis, SDHB 1 3 mutations confer the highest risk at ~30%, while only 3-4% of PGL with SDHD and probably fewer with SDHC mutations metastasize. SDHB mutations are also associated with the poorest survival (11-36% at 5 years) [26, 27] . For these reasons, while many patients with HNPGL can be managed by active surveillance, those with SDHB mutations might in some cases be better served by early surgical intervention [28] .
Prior to widespread genetic testing, multifocality was recognized as a common feature present in 80% of hereditary PGL and aided in identifying patients for further clinical evaluation. That observation was consistent with the current status of SDHD as the predominant mutated gene in HNPGLs and its association with multifocal tumors. While multifocality was also previously associated with 10-20% of 'sporadic' HNPGL, it is estimated that 15-20% of patients presenting as apparently sporadic HNPGL without family history will now test positive for a germline mutation. This absence of a notable family history may be accounted for by both the 'asymptomatic' growth of PGL in family members (as <1% of HNPGLs are secretory) and the complex hereditary pattern of SDHD gene mutations, in which penetrance is usually tied to paternal transmission (described above). The significance of multifocality as a clue to hereditary disease is therefore stronger now than in previous years.
It is widely recognized that the ability to screen families for hereditary syndromes allows for earlier detection and surveillance both for paragangliomas and for associated tumors. However, the required scope and nature of surveillance will now vary in accordance with genotype-phenotype correlations as discussed above, together with institutional preferences and availability of resources. Thus, clinical genomic testing for (1) presence of an SDHx mutation and (2) which SDHx mutation is present, allows for approaching each patient with follow-up and screening focus on the related organ systems most likely involved [29, 30] .
HNPGL Sites of Involvement
PGLs in the HN occur predominantly in four regions: the carotid body, the middle ear, vagus nerve and larynx. Information regarding PGL in each subsite remains delineated as separate chapters in the upcoming WHO.
The carotid body is the most common location encountered for HNPGLs representing 60% of cases. The tumor is located at the carotid bifurcation and may grow to encase the artery. Patients are generally asymptomatic as HNPGL are non-functional though may present with a palpable neck mass. There is a female predominance (2:1), which markedly increases when PGLs occur in high altitude societies [31, 32] . The observation of bilateral and/or multifocal PGL is noted in up to 25% of carotid body PGLs and aligns with familial occurrence of predominantly SDHD mutations [33] [34] [35] [36] [37] . Aggressive behavior in the form of metastasis occurs in ~4% of cases. Thus, in addition to the observation of bilateral carotid body paragangliomas, the recognition of risk for PGL including thoracic and/or abdominal based on the specific SDHx mutation increases the scope of screening when germline alterations are identified.
Middle ear PGLs represent approximately 30% of PGL diagnosed in the HN with a similar if not slightly narrower age of presentation (20-70's). The presenting symptom is often pulsatile tinnitis. Within the middle ear, PGLs may be associated with either the jugular bulb or tympanic nerve (Nerve of Jacobson) leading to petrous bone or middle ear involvement, respectively. Hereditary associations are common resulting in earlier presentation, multiple and/or bilateral PGL including concurrent carotid body PGL [38] . Immunohistochemical evaluation of SDHB may be used to screen for possible hereditary association as in PGLs of other sites. Distant metastasis may occur in up to 5% of cases and appears more common in hereditary cases [39] .
Vagal PGLs make up 10-15% of PGL occurring in the HN region with a mean age of diagnosis in the 5th decade. Clinical presentation at this site includes possible palpable neck mass, or uncommonly neuropathies, however most patients are asymptomatic with detection on imaging studies. Multicentric presentation occurs in ~1/3rd of cases with the vast majority (80%) of these having a documented family history of PGLs [40] . Anatomically the vagal nerve runs near the carotid bifurcation, thus careful evaluation of the relationship of the mass to the carotid bifurcation/ carotid body region by imaging allows for this distinction. Genetically, mutations in the SDHx family of genes accounted for all of the hereditary cases in one series (89% with SDHD, 8% with SDHB, and 1% with SDHC) [41] though rare SDHAF2 have also been documented [42] . The metastatic rate may be higher for vagal PGL than other sites, 16% versus 2-6% for carotid body and middle ear PGL, with lymph nodes involvement accounting for the majority of cases [43, 44] . Further studies to clarify this rate are still needed, as multifocal PGL (second primary PGLs) versus true metastasis was not always excluded.
Laryngeal PGLs are rare and must be histologically delineated from neuroendocrine carcinomas, which are clinically aggressive [45] . Similarly, evidence of catecholamine production should raise the concern of neuroendocrine carcinoma and not paraganglioma, which are nonfunctional. Paraganglia are present in both the supraglottic and infraglottic larynx [46] . Presenting symptoms vary from stridor, to hoarseness and dyspnea. Their rarity limits available correlative data for mutation frequency, however overall metastatic rate is rare, estimated at 2% [47] [48] [49] .
Histologic Review/Diagnosis
Morphologic review remains the mainstay for the diagnosis of PGLs. Observation of nested (zellenballen) growth pattern with prominent surrounding vasculature is the classic pattern of growth seen in these tumors (Fig. 1a) . Cytologically, PGL cells may show variability in size and often show partially clear cytoplasm. There is ample cytoplasm surrounding nuclei showing characteristic neuroendocrine features including hyperchromatic and hypochromatic areas (salt and pepper nuclei). Other growth patterns and histologic features including sclerosing, clear, and pigmented features have also been described and should be familiar to pathologists to consider this entity. Immunohistochemical evaluation for neuroendocrine markers (synaptophysin, chromogranin, etc.) with the absence of cytokeratins aids in confirming the lineage and classification as PGL.
PGL is classified by the WHO as a tumor of indeterminate biology M code XXXX1. Primary PGLs are not classified as benign or malignant and are considered to represent a spectrum of metastatic potential. A parallel change in both the Head & Neck and Endocrine bluebooks is that once there has been spread to a regional lymph node or distant site the term "metastatic" PGL is utilized. The term malignant is thereby avoided entirely in order to avoid confusion concerning the definition of malignancy. A continued challenge remains that the histologic features in HNPGL including local infiltration of surrounding soft tissue, necrosis and atypia do not reliably predict their biologic behavior. No scoring or grading system has been validated or endorsed for use with HNPGLs at this time.
In Summary (Table 2)
The pathologist's role in managing patients with HNPGL requires increased awareness of the hereditary basis of these tumors and syndromically associated neoplasms including GIST, renal cell carcinoma and pituitary adenoma. Germline mutations of genes encoding subunits of succinate dehydrogenase account for the majority of PGL in the head and neck. Their recognition promotes screening for associated tumors in affected patients and, conversely, recognition of associated tumors can lead to screening for paragangliomas [50] . Loss of immunohistochemical staining for SDHB protein is a valuable screening tool that can help to identify any succinate dehydrogenase gene mutation in most tumors. Histologic markers to predict metastasis and prognosis remain elusive in HNPGLs. In contrast, risk is currently best delineated by genetics, with the highest risk of aggressive behavior linked to SDHB mutations. Thus in the last decade, our understanding of susceptibility genes in PGL has further defined individual and family risk for disease. Characterization of mechanisms by which the recently discovered susceptibility genes affect tumor metabolism and signaling pathways has begun to suggest approaches for targeted intervention and may open new roles for pathologists in future years.
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